Introduction
Blood samples contain a large diversity of proteins that are relevant to disease conditions. However, the concentration of these proteins varies widely (ranging from pg/mL to mg/mL), making them difficult to detect and quantify. 1 Detecting low abundance protein molecules has been a continuing challenge, and a number of technologies have been developed for the detection of analytes present at low concentrations. More sensitive sensor technologies, such as surface plasmon resonance (SPR), laser induced fluorescence (LIF), and nanowire sensors offer increased sensitivity for detecting biomolecules2, but these sensor systems generally require high-quality antibodies. For a given target protein molecule, obtaining high quality, low-K D antibodies is not at all straightforward. One possible solution is to increase the prebinding concentration by preconcentrating the analyte molecules to increase the occurrence of binding events and thus, decrease reliance on the K D value of capture antibodies. 3 Our group has implemented electrokinetic preconcentration in different microfluidic chip formats. A silicon/glass device with two microchannels interconnected by nanochannels was used to electrokinetically trap molecules as the nanochannels act effectively as an ionselective membrane. 4 However, these devices required extensive micro fabrication steps and the permselectivity of nanochannels become progressively weaker with increasing ionic buffer strength. A number of poly(dimethylsiloxane) (PDMS) microfluidic chips have been developed to solve these problems.5 -8 Nafion, a highly porous ion-selective material, has been used in place of nanochannels to provide high permselectivity. Lee et. al . has previously demonstrated a surface-patterned Nafion membrane, where a submicron thin layer of permselective Nafion resin was printed on a glass substrate and enclosed with a PDMS cover by plasma bonding. 6 An alternative method was demonstrated by Kim et. al., where a mechanical incision was made into the PDMS chip with a blade and Nafion resin was infiltrated into the cut after opening it through bending.8 Nafion membrane made with this incision method offered high-aspect-ratio and increased sample throughput; however, this cutting method is difficult to automate and prone to process variability during fabrication. One critical issue of the self-sealing method is the uncontrolled amount of Nafion resin introduced into the junctions. This could lead to variations in operation parameters and performance of preconcentration devices. To solve this problem, we present a new fabrication method based on capillary burst valves that produce high-aspect-ratio Nafion membranes with tightly controlled location, width and length. The main advantages of this technique over existing methods are; 1) precise, repeatable positioning of the membrane junction that can be filled with controllable amount of permselective resin, and 2) applicability to more durable plastic chip materials such as poly(methyl methacrylate) (PMMA) and COC (cyclic olefin copolymer).
The key idea behind this technique is controlling liquid (Nafion) flow using one or more capillary valves, followed by curing of the liquid resin into solid. Capillary valves belong to a class of microvalves known as passive valves 9 , valves that don't require active actuation. In a capillary burst valve, a sudden geometrical expansion of the microchannel causes an increase in surface tension and traps the meniscus at the expansion. In our systems, this expansion is designed in a way to confine Nafion resin to an interconnecting funnel-or rectangular-type junction between two microchannels. Briefly, a filling front advancing in a straight channel with an angle α = 90 − θ c (θ c : contact angle) between the meniscus and the channel sidewall would stop at a junction with abrupt opening with an angle β, if β ≥ α (see S-1 in supplementary information). In this case, the change in angle is too large for the meniscus to overcome. 10 This mechanism was used in our new fabrication method for building the electrokinetic concentrator and its efficacy was shown in an immunoassay experiment.
Experimental Design and fabrication of ion-selective membrane junctions
Devices are made in PDMS using methods described elsewhere. 11 Nafion (Sigma Aldrich, Co) is a charge-selective, porous polymer developed by DuPont. This material has highly charged sulfonate groups and a porous structure, allowing for excellent charge selectivity at various ionic strengths. We tested 5 wt%, 12.5% and 20 wt% Nafion resin. The contact angle measurement showed ~ 0° of 5 wt% resin on a glass substrate, while the contact angle increased to 48.9° on a PDMS substrate. In the case of 20 wt% Nafion resin, the contact angle increased to 35.7° on a glass substrate and 52.5° on a PDMS surface (see S-2 in supplementary information for contact angle measurement of Nafion resin on different substrates). In accordance with the results of contact angle measurements, we could easily fill a PDMS/glass microchannel with up to 12.5 wt% Nafion resin, while higher wt% Nafion showed low flowability inside the microchannel. Oxygen plasma treatment of the microchannel prior to bonding helps to increase its flowability.
The critical factor here is the balance between viscosity and structural integrity of the formed Nafion junction. A higher weight percent solution results in higher viscosity, which helps the capillary valves confine the Nafion resin to the junctions and also results in junctions with higher structural integrity that can withstand higher fluidic pressure. However, the downside to a high viscosity (high weight percent solution) is that the Nafion resin shows low flowability and can dry before it reaches the junctions in the channel. Lower Nafion content means high flowability in the channel, as implied by the contact angle measurements. However, shrinkage of the resin during the curing process can cause a leakage between sample and buffer channels. From our experiment, a 12.5 wt% Nafion resin solution has resulted in the best combination of yield and performance.
The devices discussed in this paper have a single and dual junction design. As past studies have shown, a dual-gated design provides a more stable and consistent performance in preconcentration. 4 In dual-junction concentrator designs, the sample channel in the center is connected to the buffer channels via a funnel-or rectangular-type junction on each side. The funnel-type junction is 10 -20 µm wide in the narrow opening and 50 µm in the wide opening at a length of 50 µm. The rectangular-type junctions are 10 µm wide and 50 µm long.
This capillary valve based fabrication method is schematically shown in Figure 1 . Starting with a new device, 1 µL of Nafion resin was pipetted into each of the buffer channels and allowed to flow in via capillary force. The junctions should fill completely with capillary action (Figure 1a ). At the narrow opening side of the junction, the sudden expansion to the large channel creates an angle large sufficiently high enough to stop the advancement of the Nafion meniscus (see supplemental video of the filling process). Then, a gentle negative pressure was applied on the channel outlets to remove excessive resin from the buffer channels ( Figure 1b , see supplemental video of the removing process in the ESI). Nafion resin that has entered the junctions was cured rapidly due to the small openings to air-filled sample channel and therefore not withdrawn by negative pressure. In addition, the removal process left an additional, thickened, Nafion layer adjacent to the already cured membrane when the drying front passed the junction on its way out to the reservoir. After the Nafion resin was completely taken out of the channel, the device was baked on a hot plate at 70 °C for 10 min. A major drawback of this method is the added step to remove Nafion from the buffer channels which caused a variation in membrane thickness and, therefore, in amount of the electrical current with a coefficient of variance (CV) of ~20% (see S-3 in supplementary information for detailed characterization).
To alleviate this problem, we included an additional set of microchannels (Nafion filling channels) dedicated for the delivery of Nafion resin into the junctions (Figure 1d ). Instead of being withdrawn, the excessive Nafion resin was simply left inside the Nafion filling channels and cured in the junctions. Since these channels were sandwiched between the sample and buffer channels, their width was limited to the spacing between those channels. In our current design, a width of 40 µm was used for these filling channels. These channels narrowed down to 10 µm near the junctions so that sufficient capillary pressure could be generated to fill the junctions properly. While these designs were more complicated, the filling operation was simpler -no withdrawal of Nafion was required after the junctions were filled. For this reason, we used this method to fabricate devices for immunoassay.
Depending on the performance requirements, we can pattern several junctions next to each other. Tradeoffs were examined in this study: the ability of a capillary valve to properly confine liquid is inversely proportional to the cross sectional area of the junctions; at the same time, junctions with larger cross sectional area result in lower electrical resistance and allows for lower voltages to be used in the devices. In our experiments, maximum repeatability was achieved when the width of each individual junction channel was limited to 10 µm, and numerically limited to three parallel channels separated by 10 µm. The total width of the Nafion junctions was described by summing the widths of all the individual junctions. Accordingly, the rectangular -shaped Nafion junctions used in this paper were 50 µm long and 30 µm wide each. Nafion resin residing in each junction can be re-wetted rapidly after injecting the sample and buffer solution into the sample and grounding channels. The trapping of air bubbles was not observed when the channels were rewetted.
Surface patterning of capture antibody and preconcentration operation
To demonstrate the performance of our preconcentrator, we integrated the concentrator with a surface immunoassay chip. Antibodies were immobilized using a simple physiosorption method 12 in our device. This method was chosen because of its lack of interaction with electric fields and flow under experimental conditions. A layer of physiosorbed Neutravidin (Invitrogen, CA) was applied as an anchor for the subsequent layer of biotinylated biomolecules. In addition to the flexibility of working with any biotinylated molecules, the Neutravidin layer absorbed onto the hydrophobic surface of the PDMS channels protected the subsequent layer of molecules from denaturing and allowed for higher capture efficiency of antigen molecules.
A critical design criterion for the surface immunoassay chip is prevention of sample depletion. Since the preconcentrator works by trapping molecules into a small volume, molecules that are captured elsewhere do not contribute to the added signal at the detection stage and the performance is affected. For this reason, capture antibodies need to be patterned in such a way that they only capture antigen molecules where the preconcentrator operates. To confine the antibody solution to a 200 µm × 50 µm section of the microchannel in proximity to the concentrator, we utilized the ability of hydrophobic microvalves for patterning. 13 Hydrophobic microvalves rely on differential fluidic resistance in connected channels to direct flow. When liquid encounters a splitting channel, most or all of the liquid would enter the path of least resistance. Thus, we can create a valve by increasing the local fluidic resistance of one of the channels. We used channels of different widths to create differential resistance paths due to easier fabrication steps. In our devices, the sample channel was comprised of two intersecting channels, as shown in Figure 2a . The wider channel (A1) was used to functionalize the surface with an antibody and the other one (S1) to deliver sample to the concentrator. 30 µm wide, 50 µm long constrictions were placed on either sides of the channel S1; this allowed us to confine the antibody solution to A1 channel and selectively immobilize the capture antibody in the concentration zone of the sample channel S1.
To immobilize the capture antibody, 0.1 mg/mL solution of Neutravidin was flown into the channel A1 under a constant negative pressure and incubated for 10 min. in the sample channel. 0.01 mg/mL solution of biotinylated monoclonal anti-R-Phycoerythrin (BD Biosciences, CA) was then flown into the same channel (A1) and incubated for 10 minutes. A 1× phosphate buffered saline (PBS) was used to remove unbound molecules in between the incubation of each type of molecules. Finally, the surfaces of all channels were treated with 1% bovine serum albumin (BSA) for 5 min. to minimize non-specific binding. The devices were kept in 1× PBS buffer solution until use. As mentioned above, immunoassay samples were introduced through the non-functionalized channel (S1) to further minimize sample depletion.
Immunoassay experiments were carried out with a model protein, R-Phycoerythrin (R-PE), in 1× PBS buffer solution. 1 × PBS buffer solution was selected to model physiological ionic strength and used as a substitute for purified cell culture media or serum. Samples with different R-PE concentrations, varying from 0.01 ng/mL to 10 µg/mL, were prepared and incubated inside the channel for 30 min. to generate a calibration curve. Incubation for immunoassay without preconcentration was done in a constant flow condition at a flow rate of 1 µL/min using a syringe pump. We believe this flow rate was high enough such that binding would not be limited by axial flow, but rather be limited by diffusion at low concentrations and by reaction at high concentrations. Pressure-driven flow for preconcentration experiments was achieved with level difference of the sample solution in reservoirs across the sample channel. Typically, the difference in liquid level was 10mm, which generated a flow rate of ~50 pL/min inside the microchannel (see the calculation in S-4 of supplementary information). A voltage between V 1 = V 2 = 10 and 15 V was applied across the sample and buffer channels with a power supply (Keithley, OH). The application of voltage across Nafion junctions created a depletion zone, and pressure-driven flow in the sample channel moved analytes to the depletion zone, where the molecules were electrokinetically trapped and accumulated at the stacking boundary. Figure 2c illustrates this particular configuration for preconcentrator operations.
Results and Discussion

Preconcentrator performance
The factors that determine preconcentrator performance are flow speed and voltage applied. The flow speed determines how fast molecules are brought to the depletion zone, and the voltage applied across the sample/grounding channels determines the depletion force. Compared to the previously published electrokinetic concentrators, our preconcentrator with high-aspect-ratio permselective junctions presented here allowed for the use of pressuredriven flow instead of electroosmotic-driven flow. Several advantages can be gained with the use of pressure-driven flow. Firstly, the use of pressure-driven flow allows for a higher flow rate, which increases accumulation rate. Secondly, it allows preconcentration of protein samples in high ionic buffer solutions such as 1× PBS. Lastly, a high voltage at around 50-100 V is no longer required to drive liquid flow; this allows us to use a lower voltage to generate the depletion zone and at the same time to reduce the instabilities/vortexes generated near the preconcentration zone. 14 The reduction in voltage, along with the use of pressure-driven flow, also decouples the electric field applied across the Nafion junctions and the electric field applied across the sample channel. This reduces the need for voltage adjustments and increases robustness in preconcentrator operation. In our experiments, flow rates of up to 10 nL/min were applied with the use of a syringe pump, and a stable stacking boundary could be maintained for ~30 minutes by applying just 15 V across the sample and ground channels. Preconcentration of R-Phycoerythrin is shown in Figure 3 . In concentration devices with multiple nanochannels or Nafion junctions (which act effectively as nanochannels), the ion depletion region extends to the outermost nanochannel/Nafion junction and the stacking boundary for accumulating molecules would therefore only form at the outermost junction. In Figure 3c , the sample is flowing from the right outlet to the left outlet channel and therefore, the concentration region is forming at the third membrane junction.
The shape of the preconcentration zone in the new devices was different from those shown in previously published results. [3] [4] [5] [6] Instead of a "plug-shaped" preconcentration zone, the concentrated plug was focused to areas around the Nafion junctions in "dot-shaped" regions similar to the result of Kim et al. 15 (see Figure 3c ). There are a number of possible explanations for the differences. First, the aspect ratio of the Nafion junctions presented in this system is different from those previously published. Due to this high aspect ratio, different amounts of depletion forces are likely produced by the new Nafion junctions and result in a different stacking pattern. Another possible reason is that the ionic buffer strength is 10 times higher than in previous experiments and this may result in a different concentration pattern. Further experiments would enable us to explore the effects of channel geometry and the behavior of electrokinetic preconcentration systems in high ionic strength buffer solutions. For additional characterization of the preconcentrator performance, we investigated the influence of flow speed and voltages by varying the voltage difference across the sample channel from V diff = V 1 -V 2 = 5 V to 15 V with an incremental step of 2.5V in 10mM phosphate buffer solution. This parameter study showed that a balance between flow speed and depletion force was well controlled between V diff = 7.5V and 10V (see S-5 in supplemental information).
Immunoassay results
The advantage of a pre-binding amplification method (preconcentration) over a post-binding amplification method (e.g. ELISA) is that it improves both the sensitivity and the binding kinetics of the immunoassay. In order to quantify the performance of the preconcentrator, an immunoassay using the surface functionalization method described in the previous section was performed using R-Phycoerythrin as a model antigen. The intensity of R-PE captured on the surface was initially measured for 5 different concentrations (1 ng/mL, 10 ng/mL, 100 ng/mL, 1 µg/mL, 10 µg/mL) to generate a calibration curve. The samples showed negligible non-specific absorption when BSA was coated on areas not covered by antibodies, and a relatively uniform distribution on the surface was seen. This allowed for an averaged value on the surface to be taken anywhere along the channel. Figure 4a) shows the fluorescence intensity of R-PE as a function of incubation time. We can see that at low concentrations (< 1 µg/mL), binding of R-PE to capture agents is limited by kinetics and saturates at a very low rate.
To quantify the performance of our dual-gated preconcentrator, we measured the increase in R-PE binding after 30 minutes of preconcentration. Figure 4b) shows a comparison between the performance of the immunoassay with and without the use of the preconcentrator. At initial concentrations of 100 ng/mL or more, the intensity saturated to a maximum within 10 minutes. In the case of 10ng/mL and 1ng/mL, the intensity improved by a factor of ~100 after 30 minutes of preconcentration. Two concentrations that were previously undetectable, 0.1ng/mL and 0.01ng/mL, became detectable after the sample was preconcentrated for a 30 minute period. With the preconcentrator, we demonstrated an increase of two orders of magnitude in intensity, and R-PE concentrations down to 10pg/mL became detectable. We used ImageJ to quantify the resulting fluorescence intensity of the concentrator-enhanced binding zone (see S-6 in supplementary information for detection protocol). In our experiments, we found that a voltage of 15 V, combined with a flow rate of ~50 pL/min resulted in the best conditions for preconcentration.
The improved detection sensitivity reported here was lower than some of the previously reported results (~350× -1000×), including both the silicon devices and PDMS concentrators. This was likely due to the higher ionic strength buffer solution used in the experiments in this report. While low ionic strength buffers, such as 10mM phosphate buffers, were used in previous reports, we used 1× PBS solution in this experiment. Higher ionic strength buffers result in lower ion selectivity, which probably leads to a decreased sample trapping efficiency. To compare our device fabricated with the filling and curing method (see Fig. 1c ) with other previously published ones, we measured the preconcentration factor of B-Phycoerythrin (B-PE) in 10mM phosphate buffer solution. We found out that we can achieve a concentration factor of ~1000× within 5 min. at a CV below 10% (see S-7 in supplementary information) which is comparable to that of the surfacepatterned Nafion membrane. 6 Since 1×PBS has the same ionic strength and pH as physiological fluids, it is a better media for simulating the conditions encountered with real biological samples such as serum. If we assume that we are given samples of the same ionic strength, a dilution would be required to get to a low ionic strength buffer such as those used in previous reports. When this dilution factor (~15×) is taken into account, we found that the preconcentration factors between the systems are actually similar. A lower voltage was also used in this report -we found that this led to greater preconcentration stability and thus made the system more amenable to automation, at the expense of decreased preconcentration efficiency.
Conclusions
A simple and highly efficient sample preconcentrator has been presented. Using the capillary-valve-based fabrication method, high-aspect-ratio membranes with controllable location, width and length can be integrated in junctions between microchannels and act as ion-permselective membranes. The major advantages of this new device are the ability to operate in high ionic strength buffers, such as 1× PBS buffer, and with pressure-driven flow in addition to its ease of fabrication. The use of pressure-driven flow allows the use of high ionic strength buffers, which more closely resemble physiological fluids and brings the preconcentration system closer to actual application in enhancing assay sensitivity with samples such as serum.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Schematic of the capillary-valve-based fabrication method: a) Filling the buffer channels with Nafion resin, b) removing excessive resin from the buffer channels by applying gentle negative pressure on the channel outlet, c) curing the trapped Nafion resin in the junctions on a hot plate. A leakage test with a FITC dye solution in the sample channel showed that the junctions were tightly sealed with the Nafion membrane. d) alternative fabrication method by using separate filling channels for the Nafion resin, step b) above can be eliminated as the resin can remain in the filling channels. Schematic and fabrication of an integrated preconcentrator and surface-based immunoassay in microfluidic format: a) Filling of the Nafion resin into the junctions and subsequent curing, b) the side channel on the bottom (A1) was used to coat the surface of the sample channel with antibodies. After immobilization of capture antibody, sample was injected through the top side channel (S1). Since this channel was not surface-functionalized with antibody except for the area around the concentrator, sample depletion was minimized, as evidenced by the lack of binding in those regions. The insert shows a fluorescence image of R-Phycoerythrin molecules binding to only the coated region of the channel, c) preconcentration of RPE on the capture antibody site. Operation of the preconcentrator with pressure-driven flow in 1× PBS solution: a) initial condition of the channel, with uniform sample distribution. b) Depletion zone is generated with voltage application of 15 V across the Nafion junctions. c) Sample accumulation at the boundary of the stacking zone. 
